In free aortic regurgitation, the aortic diastolic pressure falls and the left ventricular end-diastolic pressure may rise above normal. In severe cases, these two pressures may equalize. We have recently demonstrated this phenomenon in a patient who, in addition, showed the unusual feature of premature mitral valve closure preceding atrial contraction. A search of the published material showed only 6 other instances in which such early mitral closure was caused by aortic reflux. Review of our catheterization data on nearly 200 patients with aortic disease disclosed no other instance, although there were 7 others in whom aortic and ventricular diastolic pressures equalized: in 2, this occurred constantly at the end of diastole, and in the other 5, equilibration occurred occasionally during long diastolic pauses following premature ventricular contractions. We will first present a detailed report of the single patient (Case 1) in whom equalization of aortic and left ventricular diastolic pressures was associated with premature mitral valve closure, and then review all 8 patients from our series in whom equalization of aortic and left ventricular diastolic pressures was found. Tables I and II) had had mild hypertension since 1956 with a resting blood pressure of 170/95 mm. Hg. Otherwise, he was well until 1961 when effort dyspnoea commenced, and a chest radiograph showed slight left ventricular enlargement. Thereafter, his exercise tolerance progressively decreased, with increasing lethargy, until November 1962, when he had an attack of acute pulmonary cedema.
HkEMODYNAMIC EFFECTS OF SEVERE AORTIC REGURGITATION
Combined left and right heart catheterizations were performed, and sounds were recorded simultaneously with pressures both externally, and internally via the catheter. The results are shown in Table II and Fig. 1A and B.
The left ventricular pressure falls abruptly in early diastole to 5 mm. Hg and then rises rapidly in two stages to equilibrate with the steadily falling aortic pressure. In the first third of diastole left atrial and ventricular pressures are equal (Fig. lB points b-c ). The left ventricular pressure then rises to meet the aortic pressure (Fig. 1B, point d) and thereafter both pressures decline gradually until the onset of systole (Fig. IB, point e) . The left atrial pressure pulse shows a steep y descent following the v peak showing that rapid atrial emptying occurs despite free aortic regurgitation. At point c (Fig. 1B) left ventricular pressure exceeds atrial pressure and reaches much higher levels for the remainder of diastole. At point c this reversed atrio-ventricular pressure gradient causes premature mitral valve closure, limiting atrial emptying to the first third of diastole. This event is marked by a positive wave on the atrial pressure trace. The atrium contracts in late diastole (before point e) after the mitral valve has closed.
Phonocardiography confirmed soft first and normal second sounds at their correct times in the cardiac Table I . C.P. reported above is Case 1. All were men aged between 25 and 48 years.
The lesions were considered to be rheumatic in 4, of undetermined etiology in one, and were respectively luetic, traumatic, and congenital in the remaining 3. Four had calcified aortic valves.
Seven complained of dyspncea, and one had congestive cardiac failure. All had loud aortic regurgitant murmurs, and 6 had peripheral signs of severe aortic reflux with wide pulse pressures. Cineradiographic studies of the aortic valve were made with supra-aortic injections of radioopaque dye, and in some, ventricular and atrial angiograms were also done (Table II) . In every case the left ventricle was well opacified by free regurgitation of dye from the aorta. Only Case 2 showed evidence of mild mitral regurgitation.
PRESSURE PULSE ANALYSIS 1. Aorta. All the patients had severe aortic regurgitation and showed reduced aortic diastolic pressures (60 mm. Hg or less). An increased pulse pressure was present in all except Cases 3 and 6, who had associated aortic stenosis. Only one failed to show a dicrotic notch in the aortic pressure tracing. An attempt was made to relate the degree of aortic regurgitation to the rate of diastolic decline in aortic pressure following aortic valve closure. Measurements were made in the patients and in 8 normal subjects. There was a wide normal range and overlap between normal subjects and patients. However, the average rate of descent in the diastolic pressure was greater in the patients with aortic regurgitation (92 mm. Hg/sec.) than in the normal subjects (70 mm. Hg/sec.). The rate of decline was not found to be of value in assessing the degree of reflux.
2. Left Ventricle. Left ventricular pressure pulse contours followed the aortic during the ejection phase in those without any associated aortic stenosis; the others showed gradients ranging from 55 to 85 mm. Hg. The phase of reduced ejection was unremarkable. The rate of pressure decline in the ventricle following the dicrotic notch was unaffected even in the most severe case, and in none did the early diastolic contours of aortic and left ventricular pressure traces match. Left ventricular end-diastolic pressure was raised in all (17 to 57 mm. Hg), and in association with a reduced aortic diastolic pressure produced the unusual phenomenon, common to the group, of equilibration of aortic and left ventricular end-diastolic pressures. In Case 1 (Fig. IA) this occurs soon after the middle of diastole and in Cases 2 and 3 ( Fig. 3 and 4) at end-diastole. In the others, ventricular premature beats induced during catheterization were followed by long diastolic pauses during which equilibration occurred as shown by Cases 7 and 8 ( Fig. 5 and 6 ).
3. Left Atrium. Left atrial pressure tracings were available in 3 cases; all showed raised mean pressures (18 to 29 mm. Hg) with prominent "a" waves. In 2, the "a" waves matched the left ventricular end-diastolic pressure, as illustrated by Case 3 (Fig. 7) . In Case 1 the left ventricular end-diastolic pressure greatly exceeded the "a" wave (Fig. lB) . The mean left atrial pressure was lower than the ventricular end-diastolic pressure in all 3 cases. All had a rapid "y" descent despite some increase in the "y" point and thus showed rapid early ventricular filling. The "z" point of the left atrial pressure pulse, measured 0-05 sec. following the Q wave of the electrocardiogram (Braunwald and Frahm, 1961) , was substantially higher than the mean left atrial pressure in two of the three.
CINEANGIOGRAPHY ANALYSIS
The details of cine-analysis are shown in Table II 
DISCUSSION
Equalization of left ventricular and aortic diastolic pressures in patients with severe aortic reflux was due to both a fall in aortic diastolic pressure and a rise in left ventricular end-diastolic pressure. This is illustrated by pressures at equilibration of 33 to 55 mm. Hg.
The decline in aortic diastolic pressure is determined partly by peripheral run-off and partly by ventricular reflux. It is unlikely that reduced peripheral resistance contributed to the rapid fall in aortic pressure, as peripheral resistance is usually raised in the presence of severe aortic reflux (Sancetta and Kleinerman, 1957) . The moderately increased rate of fall in aortic diastolic pressure shown by our patients was probably the result of reflux into the ventricle.
Aortic diastolic pressures did not fall below 33 mm. Hg, and striking increases in left ventricular end-diastolic pressure occurred in all patients before equalization of aortic and ventricular diastolic pressures resulted. Indeed, the first patient (Case 1) who showed this phenomenon best had the highest pressure at equalization, which suggests that an increase in left ventricular diastolic pressure was the critical factor in its development.
End-diastolic pressure in the ventricle depends on the volume load and the myocardial distensibility. In severe aortic regurgitation the volume load is increased because a large portion of the systolic output returns to the ventricle where it must be accommodated together with forward flow from the atrium. In addition, if the ventricle is overburdened and function is impaired, there may be incomplete systolic ejection which contributes further to the diastolic volume load.
There is a limit to the distensibility of the ventricle and as the ventricle becomes too distended small increments in volume produce large increments in pressure. This progressive reduction in ILEMODYNAMIC EFFECTS OF SEVERE AORTIC REGURGITATION 419 distensibility at large ventricular volumes has been demonstrated by the pressure volume curves of Dodge, Hay, and Sandler (1962 Wright, Toscano-Barboza, and Brandenburg (1956) and by Kelly, Morrow, and Braunwald (1960) and one described by Meadows, Sharp, and Zacharioudakis (1962) also had aortic stenosis.
However, high left ventricular end-diastolic pressures necessitate a rise in left atrial pressures to maintain ventricular filling. Braunwald and Frahm (1961) have shown that a vigorous left atrial contraction can raise left ventricular end-diastolic pressure to a significantly higher level than mean left atrial pressure. Thus, atrial emptying can continue and the raised. left ventricular end-diastolic pressure can be supported with a lower average pulmonary venous pressure. This mechanism is shown by Case 3 (Fig. 7) .
In severe aortic reflux when the ventricle is very resistant to distension the diastolic pressure may rise rapidly and exceed left atrial pressure. This results in premature mitral valve closure as seen in Case 1. This phenomenon limits the time available for emptying the atrium, in this case to onethird of the available ventricular diastolic filling period. It protects the lungs from the considerable increases in the left ventricular diastolic pressure, but in Case 1, this advantage was reduced by vigorous atrial contraction against the closed mitral valve, which served only to increase pulmonary venous pressure, and had no effect on ventricular filling.
Premature mitral valve closure in aortic reflux is a rare clinical phenomenon. Single cases have been described by Wright et al. (1956 ), Colvez et al. (1959 , Dodge, Sandler, and Evans (1960), and FIG. 7.-Case 3: simultaneous left atrial (LA) and ventricular (LV) pressure tracings at high sensitivity. Large "a" waves in the atrial tracing match the left ventricular end-diastolic pressure. The end-diastolic pressure at this time was lower than it was earlier (Fig. 4) . Paper speed 75 mm./sec.
Kelly et al. (1960) . Two other cases were reported by Meadows et al. (1962) . The cause of the aortic disease varied, but three of these patients had a history of bacterial endocarditis. In three, prior aortic stenosis may have been a decisive factor in raising left ventricular diastolic pressure in the same way as proposed for hypertension in our patient. The effects of severe reflux from aorta to ventricle were studied experimentally in dogs by Welch, Braunwald, and Sarnoff (1957) using an open chest preparation. Progressive increases in reflux raised left ventricular end-diastolic pressure above mean left atrial pressure when the regurgitant volume exceeded one-half to two-thirds of the stroke volume. When mitral regurgitation was added, this difference in diastolic pressure was abolished, and mean left atrial pressure rose as left ventricular end-diastolic pressure fell. They concluded that a competent mitral valve in severe aortic reflux protected the lungs by limiting the rise in the left atrial pressure. It also allowed high left ventricular end-diastolic pressures to develop which produced a more forceful ventricular contraction.
All the reported cases of premature mitral valve closure also had equilibration of aortic and left ventricular diastolic pressures. However, the experiments of Welch et al. (1957) showed that left ventricular end-diastolic pressure could exceed left atrial pressure while remaining lower than the diastolic pressure in the aorta. Colvez et al. (1959) from a study of electrocardiograms suggested that premature atrial contraction might occur in aortic regurgitation to prevent premature mitral valve closure. However, none of our patients showed such early atrial activation. Inspection of the pressure tracings in Case 1 suggests that any significant delay in mitral valve closure would have had disastrous effects on the lungs.
Premature closure of the mitral valve in severe aortic regurgitation allows high left ventricular diastolic pressures to develop, thus limiting reflux and enhancing ventricular contraction. It protects the lungs from these high diastolic pressures, but limits the time for atrial emptying, and if sinus rhythm is present, the force of atrial contraction is expended on the lungs.
